The extraction and subsequent separation and quantification of polymer additives in polyolefins have proven to be a challenge for analytical chemists. [1] [2] [3] [4] [5] [6] [7] The quantification of additives in polymers is important in forensic investigations, scientific research and quality control. Currently, a range of additives is being used for protection during processing, increasing the lifetime and improving the performance of products. Although high-performance liquid chromatography (HPLC) is a very good method for the separation of complex additives, there are some difficulties in the identification of some components. [8] [9] [10] [11] Gas chromatography coupled with mass spectrometry (GC-MS) is very beneficial for separating and identifying some additives, but when dealing with antioxidants and stabilizers it is not feasible in many cases, owing to their decomposition or lack of volatility. Only a few papers have been published concerning determination of some additives. Pyrolysis-GC, which needs to special instrument, is a common technique for this purpose. [12] [13] [14] [15] [16] [17] [18] So far, calcium stearate, which is added to polyolefins as a lubricant, was not directly determined by chromatographic techniques. It has a limited solubility in organic solvents, especially in those solvents that are used as a mobile phase or a modifier in liquid chromatography. On the other hand, calcium stearate cannot be determined by a gas-chromatographic technique due to its low volatility. In this study a gas chromatographic technique was presented for the determination of calcium stearate in polyolefin samples after its conversion to stearic acid.
The quantification of additives in polymers is important in forensic investigations, scientific research and quality control. Currently, a range of additives is being used for protection during processing, increasing the lifetime and improving the performance of products. Although high-performance liquid chromatography (HPLC) is a very good method for the separation of complex additives, there are some difficulties in the identification of some components. [8] [9] [10] [11] Gas chromatography coupled with mass spectrometry (GC-MS) is very beneficial for separating and identifying some additives, but when dealing with antioxidants and stabilizers it is not feasible in many cases, owing to their decomposition or lack of volatility. Only a few papers have been published concerning determination of some additives. Pyrolysis-GC, which needs to special instrument, is a common technique for this purpose. [12] [13] [14] [15] [16] [17] [18] So far, calcium stearate, which is added to polyolefins as a lubricant, was not directly determined by chromatographic techniques. It has a limited solubility in organic solvents, especially in those solvents that are used as a mobile phase or a modifier in liquid chromatography. On the other hand, calcium stearate cannot be determined by a gas-chromatographic technique due to its low volatility. In this study a gas chromatographic technique was presented for the determination of calcium stearate in polyolefin samples after its conversion to stearic acid.
A recently presented extraction technique, dispersive liquid-liquid microextraction (DLLME), [19] [20] [21] was used to preconcentrate the analyte before its injection to GC. In this method, a solvent with a density higher than that of water at the range of microliter is used as an extracting solvent. Another solvent, such as methanol, acetonitrile, tetrahydrofuran or acetone which is miscible with both aqueous and organic solvents is added as a dispersive agent to disperse the extracting solvent into the aqueous phase. DLLME is a rapid and efficient extraction technique. It uses an extraction solvent at the mL level. In DLLME, a higher enrichment factor is achievable compared with ordinary liquid-liquid extraction techniques.
experimental

Apparatus
A gas chromatograph STG Model GC 101B (Teif Gostar Co., Tehran, Iran), equipped with a flame ionization detector (FID), was used. The injection port system was a spilt/splitless injector. The characteristics of the capillary column and the GC conditions used in this analysis were as follows: column, Optima-1 (1.5 m ¥ 0.25 mm i.d.); thickness of stationary phase, 0.1 mm (Macherery Nagel, Germany); average linear velocity of nitrogen as carrier gas, 30 cm s ; flow-rate of nitrogen as make up gas, 35 mL min -1 ; flow-rate of air and hydrogen for FID flame, 300 and 35 mL min -1 , respectively; temperature of the injection port, 200˚C; detector temperature, 200˚C; temperature programming, 70˚C for 2 min and then programmed to 130˚C with a 30˚C min -1 ramp and held at 130˚C for 1 min. All injections were carried out in the splitless mode.
Materials and solutions
Low density polyethylene (LDPE) and polypropylene (PP) samples in granule form and standard polymers (PP) having a known amount of analytes were obtained from Tabriz Petrochemical Co. (Tabriz, Iran) and Sabic (Saudi Arabia).
In this study, a gas chromatographic method is presented for the determination of calcium stearate after its conversion to stearic acid in a polymeric matrix. A solution of hydrochloric acid in 2-propanol is used as an extracting solvent of calcium stearate and its converter to stearic acid. For stearic acid preconcentration before its injection to a separation system, a recently presented extraction method, dispersive liquid-liquid microextraction, using carbon tetrachloride as an extracting solvent is used. Finally, 1 mL of the organic phase collected at the bottom of a conical test tube after centrifuging is injected into a gas chromatograph (GC) for quantification. This method has a relatively broad linear dynamic range (50 -2000 mg/L) with a limit of detection (LOD) of 15 mg/L for stearic acid in solution. The LOD of the proposed method in a polymeric sample using 10 mg of polymer is 60 ppm as calcium stearate. Some effective parameters, such as the time and temperature of heating, the concentration of hydrochloric acid and the volume of distilled water, were studied. Other chemicals, such as hydrochloric acid (37%), 2-propanol, carbon tetrachloride, stearyl alcohol (as internal standard) and stearic acid were of analytical grade and purchased from E. Merck (Darmstadt, Germany). Calcium stearate (Ciba Specialty Chemicals, Basel, Switzerland) was used as received without further purification.
Stearic acid and stearyl alcohol were dissolved in carbon tetrachloride to prepare a 1000 mg/L stock solution. Standard solutions of stearic acid and stearyl alcohol were prepared by suitable dilutions of the stock solution with carbon tetrachloride. Hydrochloric acid (2 M) was dissolved in pure 2-propanol and used as an extracting solvent for the extraction of calcium stearate from a polymer. In this process, calcium stearate is changed to stearic acid:
Procedure Preparation of standards. In a 10-mL conical test tube, 40 mL CCl4 having stearyl alcohol as an internal standard (333 mg/L) was added to a 2 mL calcium stearate solution (50 -2000 mg/L) in 2 M HCl in 2-propanol, and then 7.5 mL distilled water was added to this solution using a 10-mL syringe. After centrifuging the obtained cloudy solution at 2000 rpm for 5 min, 1 mL of the organic phase, collected at the bottom of tube, was injected into the GC. Preparation of samples. After 10 mg polymer (mesh 25 -60) was weighed, 2 mL of HCl (2 M in 2-propanol) was added to it and placed in a water bath at 70˚C for 1 h. After cooling to room temperature, 40 mL of carbon tetrachloride, having stearyl alcohol (333 mg/L) as an internal standard, and 7.5 mL of distilled water were added to it, as mentioned in the cases of standard solutions. The mixture was centrifuged at 2000 rpm for 5 min, and 1 mL of the organic phase was injected into GC. All experiments were performed in triplicate, and the mean of the data was used to plot curves and construct tables.
Results and discussion
In this study, a gas chromatographic method is proposed for the analysis of a lubricant (calcium stearate) in polyolefin samples. Low density polyethylene (LDPE) and polypropylene (PP) polymers were used as real samples. Analyte separation was performed in less than 4 min. Some effective parameters were optimized in following studies.
Performing the presented method on the standard solution
To obtain the recovery of conversion of calcium stearate to stearic acid, and then the extraction of the produced stearic acid into carbon tetrachloride, the proposed method was performed on standard solutions of calcium stearate in 2 M HCl in 2-propanol. The obtained results are summarized in Table 1 . As can be seen, the overall recovery was nearly 100%.
Effect of temperature on the reaction and extraction yields
In this study, temperature was effective not only on the reaction performed between calcium stearate and HCl, but on the extraction of the analyte from the polymeric sample. For obtaining the optimum temperature, on the grinded polymeric sample was added a solution of HCl (2 M in 2-propanol), which was placed in a water bath at different temperatures (30, 50, 70 and 90˚C) for 1 h. After cooling the solution to room temperature, a 40-mL stearyl alcohol solution (333 mg/L) in CCl4 was added to it. After adding 5 mL of distilled water, the mixture was centrifuged, and then 1 mL of the organic phase was injected into the GC. From the obtained results (Fig. 1) , 70˚C was selected as the optimum temperature. At lower temperatures the reaction or extraction yield was low, and of higher temperatures (90˚C) a portion of 2-propanol and HCl was evaporated and the extraction is disturbed.
Effect of the heating time on the reaction and extraction yields
In this investigation on a ground polymeric sample, was added a solution of HCl (2 M in 2-propanol), which was placed in a water bath at 70˚C for different times (0.25, 0.5, 1, 2, 3, 4 and 5 h). From the obtained results (Fig. 2) , it can be seen that the reaction and extraction were rapid and the heating time had no effect on the reaction and extraction yields during 1 -5 h. Therefore, 1 h was used in further studies.
Effect of the HCl concentration
For this purpose, different concentrations of HCl (0.5, 1, 2 and 5 M in 2-propanol) were tested. Figure 3 shows the obtained results. The concentration of HCl has a relatively small effect on the reaction, and the extraction of calcium stearate from polymer. However, HCl at a concentration of 2 M was chosen for further studies. In the presence of 5 M HCl the extraction recovery of the analyte decreased compared with 2 M HCl. It seems that the presence of HCl with a high concentration decreases the solubility of stearic acid in 2-propanol, thereby the extraction yield of analyte is also decreased.
Optimization of distilled water volume
Different volumes of distilled water (2.5, 5, 7.5 and 10 mL) were tested. Figure 4 gives the obtained results. These data indicate that by increasing the volume of water from 2.5 to 7.5 mL the extraction recovery is also increased, and then remains constant to 10 mL. By increasing the distilled water volume, the percent of 2-proponol in water decreased, and hence the solubility of stearic acid in aqueous phase also decreased. Therefore, the analyte concentration in the organic phase and the extraction recovery increased. From the results given in Fig. 4 , 7.5 mL was selected for the water volume.
Application of proposed method on the spiked polymer
The presented method was performed on blank polymers spiked with an analyte at concentrations of 500, 800 and 1000 ppm. The obtained recoveries are given in Table 2 . As can be seen, in all cases recoveries were about 100%.
Quantitative characteristics of the method
Under the optimum conditions, some quantitative characteristics of the proposed method, such as the calibration curve equation, linear dynamic range, limit of detection (LOD) and correlation coefficient (r), were obtained. This method has a relatively broad linear dynamic range (50 -2000 mg/L) with a LOD of 15 mg/L for stearic acid in solution. The LOD of the proposed method in a polymer sample using 10 mg polymer is 60 ppm, which is less than the concentration of calcium stearate in commercial polymers (250 -2000 ppm). The LOD in a polymer was calculated using the LOD of the proposed method in solution, the sample size and this fact that extraction recovery of the analyte from the polymer is nearly 100%. In the calibration curve equation (A = -0.0655 + 0.080C, A is the ratio of peak area of analyte/peak area of the internal standard and C is the concentration of the analyte as mg/L unit), a relatively good correlation between the concentration and the peak areas ratio was obtained (r = 0.992). By using six standard polymers having calcium stearate in the concentration range 250 -2000 ppm, a good correlation (r = 0.995) was obtained between the peak area of the analyte and its concentration. To obtain a calibration curve equation, 11 determinations were performed in the linear range of the method. For evaluating the repeatability of the method (between runs) seven repeated solutions (C = 1250 mg/L) were prepared, and the proposed method was performed on them. The relative standard deviation (RSD%) was obtained 1.69%, which indicates that the proposed method is repeatable. To evaluate the repeatability in polymers, six repeated experiments were performed on the standard polymer (1000 ppm) and RSD% was calculated to be 2.57%.
Evaluation of the efficiency of the proposed method in the analysis of the calcium stearate content of commercial polymer samples
In a continuation of our studies, three standard polymers and 20 commercial polymers from two producers (Tabriz Petrochemical Company and Sabic) were analyzed for the determination of their calcium stearate content. Typical GC chromatograms of a blank polymer (without additives), a standard polymer and a commercial polymer, after performing the proposed method on them, are shown in Fig. 5 . Due to a selective-extraction method performed in this study, other additives used in the commercial polymers do not interfere in the analysis of calcium stearate, and only the peaks of stearic acid and stearyl alcohol (IS) are observed in the chromatogram of the commercial polymer.
Different standard and commercial polymers were tested for their calcium stearate content by the presented GC method, and the obtained results were compared with those obtained by the atomic absorption spectrophotometric (AAS) technique. 22 The results are given in Table 3 . The obtained bias (%) for all commercial and standard polymers was less than 10%, which indicates that the proposed method is accurate. In the cases of some real samples, such as samples 4, 7, 10, 12, 15 -18 and 20, the results of GC were different from those of AAS. These differences originated from this fact that in some polymers zinc stearate is used instead of calcium stearate, or along with it. For verifying this subject, those polymers were tested for the presence of zinc in their composition by the AAS method, and the obtained results showed that the zinc stearate content of those polymers was in the range of 405 -1630 ppm. It is mentioned that the proposed method is sensitive and rapid for the determination of calcium stearate, compared to AAS. To determine the analyte by AAS it is necessary that the polymer is burned in an electrical furnace at high temperature (500˚C) for a long time (3 h). Also, a larger sample size (1 g) was used in AAS.
In this work, a GC method was presented for the determination of calcium stearate in polyolefin samples. For the extracting analyte from the polymers, solution of HCl in 2-propanol was used. For preconcentration of the analyte, a dispersive liquidliquid microextraction method using carbon tetrachloride as an extracting solvent was carried out prior to its injection into a GC. This method is rapid and simple, and it uses an extracting solvent at mL volume. By the proposed method, the calcium stearate contents of different commercial and standard polymers were evaluated and compared with the results of the atomic absorption spectrophotometric method performed on them. Because this method determines calcium stearate as stearic acid, it cannot discriminate between calcium and zinc stearates.
